Atomic frustrated impurity states in Weyl metals by Mizobata, W. N. et al.
Atomic frustrated impurity states in Weyl metals
W. N. Mizobata,1 Y. Marques,2 M. Penha,1 J. E. Sanches,1
L. S. Ricco,1 M. de Souza,3 I. A. Shelykh,2, 4 and A. C. Seridonio1, 3, ∗
1Sa˜o Paulo State University (Unesp), School of Engineering,
Department of Physics and Chemistry, 15385-000, Ilha Solteira-SP, Brazil
2ITMO University, St. Petersburg 197101, Russia
3Sa˜o Paulo State University (Unesp), IGCE, Department of Physics, 13506-970, Rio Claro-SP, Brazil
4Science Institute, University of Iceland, Dunhagi-3, IS-107, Reykjavik, Iceland
We theoretically analyze the effect of the inversion symmetry breaking on the structure of the
impurity molecular states in Weyl metals. We show that for the case of a highly noncentrosymmetric
Weyl metallic host, the standard picture of the alternating bonding and antibonding orbitals breaks
down, and qualitatively different frustrated atomic state emerges. This is a consequence of the
pseudogap closing and related delicate Fano interplay between intra- and inter-impurity scattering
channels.
Introduction. Dirac-Weyl equation [1], which first ap-
pears in the context of the relativistic quantum field the-
ory, where it describes massless fermions, such as neu-
trinos, recently found its application in the domain of
condensed matter physics. The existence of Dirac-Weyl
fermions, quasi-relativistic quasiparticles, was unambigu-
ously demonstrated for the family of the gapless binary
alloys, such as Na3Bi, Cd3As2, TaAs, NbAs and TaP
[2–12]. The pair of the Dirac cones, present in these ma-
terials, can be split into two Weyl nodes with opposite
chirality, if certain symmetry (inversion or time-reversal)
is broken [13]. As a result, a topological Weyl material
with unusual characteristics, such as Fermi arcs, chiral
anomaly and exotic Hall effects [13–19], emerges. The
peculiar band structure of Weyl systems has dramatic
impact on the electronic structure of impurities [20–26].
In particular, as it was recently shown by some of us,
chiral magnetic chemical bounds for a pair of impurities
can appear in Weyl semimetals with energy degenerate
Weyl nodes shifted in k space with respect to each other
[26].
In this communication, we consider the structure of im-
purity molecular states in Weyl metals, where two Weyl
nodes are located at the same k, but are shifted in en-
ergy. We demonstrate that in the geometry correspond-
ing to two Anderson-like impurities [27] shown in Fig. 1,
bonding and antibonding molecular states evolve into an
atomic frustrated state marked by two Hubbard bands
[28], with increase of the energy splitting between the two
Weyl nodes. In this regime, the closing of the host pseu-
dogap occurs, which leads to the dominance of the de-
structive Fano interference [29, 30] in the intra-impurity
scattering channel, which is opposite to what happens in
the corresponding inter-impurity channel revealing reso-
nant behavior. The reported crossover can be realized
by application of external stress [13] and experimentally
detected with use of the STM techniques.
The Model. The Hamiltonian of the system sketched
∗ corresponding author: antonio.seridonio@unesp.br
STM-tip
R  = (0, 1, 0)nm
2R  = (0, -1, 0)nm1
z
y
x
Q =0
0
(a)
(d) 
k
z
k
||
(b)
(c) 
k
z
k
||
+Q
0
-Q
0
R
1
+
(e)
Q =0.4D
0
+
r
R
2
Figure 1. (Color online) Panel (a): Sketch of the consid-
ered system, consisting of a pair of impurities placed inside
a Weyl metal close to its interface. The positions of the im-
purities are characterized by the vectors R1,2. The impurity
molecular states can be probed on the surface of the host by
an STM tip, whose location is characterized by the vector r.
Panel (b): Sketch of the dispersion, characteristic for a Dirac
semimetal with two degenerated Dirac cones. The pseudo-
gap is formed around the Dirac point, where the host Density
of States (DOS) ρ(ε) = 0. Panel (c): Sketch of the disper-
sion, characteristic for the Weyl metal. The degeneracy of
the Dirac cones is lifted due to the breaking of the inversion
symmetry, and a pair of Weyl nodes vertically shifted with
respect to each other appears. The pseudogap is closed due
to the lifting of the degeneracy of the Weyl nodes. Panel
(d): DOS ρ(ε) of a Dirac semimetal. Panel (e): DOS ρ(ε) of
a Weyl metal. The plus and minus signs identify the DOS
resolved in opposite chiralities.
in Fig. 1 can be represented as:
H =
∑
k
ψ†(k)(H+ ⊕H−)ψ(k) + εd
∑
jσ
d†jσdjσ
+ U
∑
j
d†j↑dj↑d
†
j↓dj↓ +
∑
jk
d˜†j V˜jkψ(k) + H.c., (1)
where Hχ(k) = χ(vFσ · k + σ0Q0) is the Dirac-Weyl
Hamiltonian of the host, corresponding to the two Dirac
cones shifted vertically in energy (see Fig. 1(c)), σ stands
for the vector of Pauli matrices, σ0 is the unity matrix,
χ = ±1 corresponds to the Weyl nodes chirality, Q0 is
the characteristic parameter defining the energy splitting
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2between the Weyl nodes (Q0 6= 0 corresponds to a Weyl
metal, Q0 = 0 to a Dirac semimetal), vF is the Fermi
velocity, ψ(k) = (ck+↑, ck+↓, ck−↑, ck−↓)T is the four-
spinor operator describing the electronic states in the
host c†kχσ, ckχσ with wave vector k, chirality χ and spin
σ. The operators d†jσ, djσ describe the electronic states
of individual impurities (j = 1, 2) with single-particle en-
ergies εd and on-site Coulomb correlation energy U . The
term, containing the two-spinor d˜†j = ( d
†
j↑, d
†
j↓), cou-
ples the impurities to the host, via the matrix
V˜jk = v0
(
eik·Rj 0
0 eik·Rj
eik·Rj 0
0 eik·Rj
)
, (2)
with v0 being the coupling strength.
The electronic characteristics of the system are
determined by its Local Density of States (LDOS)
ρ(ε, r), which can be found from the Green’s func-
tions (GF) of the host in the energy domain,
G˜χσ(ε, r) [31] defined as the time-Fourier transform
of Gχσ(t, r) = −iθ (t)
〈{ψχσ(t, r), ψ†χσ(0, r)}〉H , with
ψχσ(t, r) =
∑
k e
ik·rckχσ(t) being the field operator of
the host conduction states with spin σ and chirality χ.
The LDOS reads [25, 26, 31]:
ρ(ε, r) = − 1
pi
∑
σ,χ
Im{G˜χσ(ε, r)} = ρ0 +
∑
jj′
δρjj′ , (3)
where the first term in this expression describes the host
DOS ρ0 =
∑
χ
3ε2χ
D3 , with D as the energy cutoff and εχ =
ε − χQ0, and the second term is the correction to the
LDOS induced by the host-impurity coupling:
δρjj′(ε, r) = − 1
piv20
∑
χχ′σ
Im[Σ+χσ
(
r−Rj
)G˜jσ|j′σ(ε)
× Σ−χ′σ
(
r−Rj′
)
], (4)
where Rj describes the coordinates of the two impurities.
The terms with j′ = j and j′ 6= j correspond to intra-
and inter-impurity scattering channels, respectively, and
Σ±χσ(r) = −
3pivF v
2
0
2D3
e
−i|r| εχvF
|r|
[
εχ ± χσ
(
εχ + i
vF
|r|
)]
(5)
are self-energy terms responsible for the spatial modula-
tion of the LDOS.
G˜jσ|j′σ(ε) is the time-Fourier transform of the impu-
rities GFs, Gjσ|j′σ = −iθ (t)
〈{djσ (t) , d†j′σ (0)}〉H. Away
from the Kondo regime [32], Hubbard-I approximation
[25, 26, 28, 31] can be applied, which gives:
G˜jσ|jσ(ε) =
λσ¯j
g−1jσ|jσ(ε)− λσ¯j Σ+σ (R12)gj′σ|j′σ(ε)λσ¯j′Σ−σ (R12)
.
(6)
Here σ¯ = −σ, j′ 6= j, R12 = R1 − R2, Σ±σ (r) =∑
χ Σ
±
χσ(r),
gjσ|jσ(ε) =
1
ε− εjσ − Σ0 (7)
is the single-impurity noninteracting GF,
Σ0 =
3v20
2D3
∑
χ
ε2χ
(
ln
∣∣∣∣D + εχD − εχ
∣∣∣∣− 2Dεχ − i
)
(8)
as the local self-energy,
λσj = 1 +
U
g−1jσ¯|jσ¯(ε)− U
〈
njσ
〉
(9)
is the spectral weight and
〈
njσ
〉
= − 1
pi
ˆ +∞
−∞
n
F
(ε)Im[G˜jσ|jσ (ε)]dε (10)
is the impurity occupation [33]. The crossed GF reads
G˜djσdj′σ (ε) = gjσ|jσ(ε)λσ¯j Σ±σ (Rjj′)G˜dj′σdj′σ (ε) , (11)
in which the ± signs correspond to j = 1, j′ = 2 and
j = 2, j′ = 1, respectively.
In the case of uncorrelated impurities, realized when
|R12|  vF v20/D3, Σ±σ (Rjj′) = 0 and δρjj′ = 0,
Eq. (6) has two poles (the so-called Hubbard resonant
bands [28]), appearing in δρjj . The host-mediated inter-
impurity correlations lead to the splitting of these poles,
which corresponds to the formation of the impurity
molecular bands even in the absence of the direct hopping
term between the impurities [25].
Results and Discussion. In our following consideration,
we use model parameters: |R12| = 2 nm, εd = −0.07D,
v0 = −0.14D, U = 0.14D, vF ≈ 3 eVA˚ and D ≈ 0.2 eV
[25, 26]. We suggest that the impurities are buried at the
distance of 1 nm below the top surface of the Dirac-Weyl
material, and are placed in the points R1 = (0,−1, 0)nm
and R2 = (0, 1, 0) nm (see Fig. 1).
Fig. 2 illustrates the evolution of the spatial profiles of
the LDOS at the surface of the host, given by Eq. (3),
which can be probed by an STM tip, with increase of the
parameter Q0, describing the breaking of the inversion
symmetry. In panel (a) the case of a Dirac semimetal
with degenerated Weyl nodes, corresponding to Q0 = 0,
is illustrated. Molecular orbitals of the bonding and an-
tibonding type are formed, and the profile corresponding
to the latter one, with maxima of the LDOS centered at
the points where the impurities are located, is shown. We
stress that due to the peculiarities of the band structure
of the Dirac host, the antibonding state has lower energy
as compared to the bonding state, as it was demonstrated
in Ref. [25]. The increase of the parameter Q0 leads to
the broadening of the LDOS peaks. Still, if values of Q0
are moderate, the LDOS profiles remain qualitatively the
same as for Q0 = 0, and still can be described in terms of
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Figure 2. (Color online) Panel (a): Spatial profile of the
LDOS, corresponding to the antibonding state of a pair of im-
purities, placed inside a Dirac semimetal (Q0 = 0). Panel (b):
Spatial profile of the LDOS for a pair of impurities, placed in-
side a Weyl metal with moderate value of Q0 = 0.25D. Panel
(c): Spatial profile of the LDOS, corresponding to the frus-
trated atomic state, for a pair of impurities, placed inside a
Weyl metal with large value of Q0 = 0.4D.
(a)
Resolved Fano dips Resolved Fano dips
(b)
Q0 = 0.1DQ0 = 0
Merged Fano dips
Merged peaks(d)(c) 
Q0 = 0.25D
r = (1,1,1)nm
Intermediate Fano 
structures
Q0 = 0.4D
r = (1,1,1)nm
Merging Fano dips
Resolved peaks Merging peaks
r = (1,1,1)nm r = (1,1,1)nm
Figure 3. (Color online) Impurity-induced contributions to
the density of states δρjl as a function of the energy. Position
of the STM tip is fixed at r = (1, 1, 1)nm. Panel (a): The case
of a Dirac semimetal host, Q0 = 0. One clearly sees two well
resolved pairs of peaks in δρjj , centered around εd and εd +
U and corresponding to bonding (indicated by green arrow)
and antibonding (indicated by red arrow) molecular orbitals.
Panel (b): The case of a Weyl metal host with small value of
Q0 = 0.1D. The peaks corresponding to the molecular states
become broadened, but are still clearly resolved. Panel (c):
The case of a Weyl metal host with moderate value of Q0 =
0.25D. Intermediate Fano structures with merged peaks and
dips appear. Panel (d): The case of a Weyl metal host with
large value of Q0 = 0.4D. Broad plateau in the density of
states flanked by a pair of the merged peaks or dips is formed
around ε = 0. Transition to the regime of atomic frustrated
state occurs, as seen in Fig. 2(c).
the formation of an antibonding molecular state, as it is
illustrated in the panel (b). However, if the value of the
parameter Q0 becomes sufficiently large, the profile of the
LDOS dramatically changes. It becomes depleted in the
broad region around the impurities, and corresponds to
a distorted centrosymmetric configuration characteristic
to a frustrated atomic state, as it is shown in the panel
(c).
To shed more light on the underlying mechanisms of
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Figure 4. (Color online) Panel (a): The total LDOS of the
system consisting of two impurities placed inside a Weyl metal
host with Q0 = 0.4D, corresponding to the regime of the
formation of an atomic frustrated state. Position of the STM
tip is fixed at r = (1, 1, 1) nm. Panel (b): Phase diagram,
showing the total density of sates as function of the energy
ε and the parameter Q0. With increase of Q0 one clearly
observes the crossover from the regime of standard bonding
(indicated by green arrow) and antibonding (indicated by red
arrow) molecular orbitals, characterized by four well resolved
Hubbard bands, to the regime of frustrated atomic state.
its formation, we have analyzed separately different con-
tributions to the LDOS induced by the impurities, as
illustrated by Figs. 3 and 4.
Fig. 3 shows the plots of δρjl as a function of the en-
ergy for one particular tip position r = (1, 1, 1) nm (the
change of this latter does not affect the results qualita-
tively). Both contributions from intra-impurity (j = l)
and inter-impurity (j 6= l) are shown. In panel (a), cor-
responding to the case of a Dirac host with Q0 = 0, one
clearly sees the presence of the four peaks in δρjj , corre-
sponding to well resolved Hubbard bands and describing
the formation of bonding and antibonding molecular or-
bitals, which stem from single-impurity bands centered
around εd < 0 and εd + U > 0. For the considered pa-
rameters, the lowest energy peak corresponds to the an-
tibonding state (pointed by the red arrow) and next peak
to the bonding molecular state (pointed by the green ar-
row) [25]. The crossed term δρjl, with j 6= l exhibits two
resolved pairs of peaks and Fano dips instead. The in-
crease of the parameter Q0 leads to the broadening of the
peaks and Fano dips (panel (b), Q0 = 0.1D). At some
point, the peaks corresponding to the bonding and an-
tibonding states merge, giving rise to intermediate Fano
lineshapes, with shallow minimum at ε = 0 (panel (c),
Q0 = 0.25D). Further increase of Q0 leads to the forma-
4tion of a broad plateau in the density of states around
ε = 0, flanked by a pair of merged peaks for j 6= l, or
merged dips for j = l (panel (d), Q0 = 0.4D). The pres-
ence of only two resolved Hubbard bands is typical for
a pair of uncorrelated impurities. However, in our case
the amplitudes δρjl 6= 0 for j 6= l, which means that
molecular binding still persists, although in the unusual
form of an atomic frustrated state. In this configuration,
the role of the constructive and destructive Fano inter-
ference channels between δρjj and δρjl becomes inverted
with respect to those observed in Dirac hosts, as it can be
clearly seen from the comparison between panels (d) and
(a). This is the direct outcome of the pseudogap closing
in Weyl materials with large Q0, for which the host DOS
is enhanced at the Fermi energy.
The corresponding total LDOS has very broad maxi-
mum at ε = 0 and a pair of the broad minima around
εd and εd +U , as it is shown in Fig. 4(a). The crossover
between the cases of the standard molecular bonding and
antibonding states, and formation of an atomic frustrated
state is illustrated by Fig. 4(b), where a phase diagram,
showing the total LDOS as function of the energy ε and
the parameter Q0 is presented. With increase of Q0 the
narrow peaks characteristic to four well resolved Hubbard
bands become broadened and finally merge, producing
characteristic profile plotted in Fig. 4(a). From the ex-
perimental perspective, such transition can be achieved
by application of stress, which is expected to break the
inversion symmetry [13].
Conclusions. We have demonstrated that the nature
of electronic states of a pair of impurities placed inside
a Weyl metal strongly depends on the parameter Q0,
which defines the breaking of the inversion symmetry in
the host material. For small values of this parameter one
observes the formation of conventional bonding and an-
tibonding molecular orbitals. However, for large values
of Q0 transition to an atomic frustrated state, character-
ized by a broad bowl-shape distribution of the LDOS in
the real space occurs. This transition should take place
under the application of external stress, which allows to
propose the concept of a molecular switcher, alternating
between ordinary molecular and atomic frustrated states.
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